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TennesseeABSTRACT We studied the dynamics of hydrated tRNA using neutron and dielectric spectroscopy techniques. A comparison of
our results with earlier data reveals that the dynamics of hydrated tRNA is slower and varies more strongly with temperature than
the dynamics of hydrated proteins. At the same time, tRNA appears to have faster dynamics than DNA. We demonstrate that
a similar differenceappears in thedynamicsof hydrationwater for thesebiomolecules. The results andanalysis contradict the tradi-
tional view of slaved dynamics, which assumes that the dynamics of biological macromolecules just follows the dynamics of hydra-
tion water. Our results demonstrate that the dynamics of biological macromolecules and their hydration water depends strongly on
the chemical and three-dimensional structures of the biomolecules. We conclude that the whole concept of slaving dynamics
should be reconsidered, and that the mutual inﬂuence of biomolecules and their hydration water must be taken into account.INTRODUCTIONIt is well recognized that the dynamics of biological
macromolecules, such as proteins, DNA, and RNA, plays
a key role in their function. Yet, understanding the micro-
scopic mechanisms of biomolecular motion remains a great
challenge. Experimental and computational studies have
demonstrated that hydration water and other solvents play
a significant role in protein dynamics and activity (1–5).
For example, dehydrated biomolecules have strongly sup-
pressed dynamics and usually exhibit no biological activity
(1–4). Once the hydration shell is completed, protein
activity is restored and almost reaches the level of activity
in solution (2).
In their pioneering works, Beece et al. (1) and Frauen-
felder et al. (3) proposed that the solvent ‘‘slaves’’ the bio-
logical molecule, in the sense that the biomolecule dynamics
and activity follow the solvent dynamics. Indeed, the results
of many experimental studies supported this simple picture
and demonstrated a strong coupling between protein and
solvent dynamics (3,6–9). These results led to the idea that
the solvent dynamics controls (i.e., slaves) the dynamics
of the biological macromolecule. The mechanism of this
dynamical coupling remains the subject of active discussion.
It has been ascribed to protein-solvent hydrogen-bonding
lifetimes (10,11) and/or to solvent translational motion
(10,12,13). In particular, simulations using a dual heat-bath
method in which the temperature of the solvent and the
protein were controlled independently demonstrated thatSubmitted October 15, 2009, and accepted for publication December 4,
2009.
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water temperature (13). In all of these studies (10–13), it
was emphasized that the dynamics of the hydration water
controls the dynamics of the biological macromolecules. In
other studies, similar solvent-controlled protein dynamics
was observed in viscous solvents, including glycerol and
trehalose (9,11,14). However, these studies did not analyze
the influence of the biological molecules on the dynamics
of the surrounding solvent. Is the solvent really the ‘‘master’’
and the biomolecules just ‘‘slaves’’, or are the behaviors
coupled? We sought to address this question by experimen-
tally studying the dynamics of different biomolecules in
similar environments.
In this work, we analyzed hydrated tRNA dynamics using
neutron scattering and dielectric relaxation spectroscopy.
A comparison of the tRNA data with results obtained in
earlier studies of hydrated protein and DNA reveals a strong
difference in the dynamics and temperature variation for
each biomolecule. Moreover, our analysis reveals that the
hydration water dynamics also depends strongly on the
biomolecule. These results call for a revision of the tradi-
tional picture of solvent-slaved dynamics and emphasize
that the chemical and three-dimensional structures of the
biomolecules affect not only their behavior but also that of
the hydration water.MATERIALS AND METHODS
Wheat-germ tRNA from Sigma-Aldrich (R7876) was purified with phenol
and chloroform, and then dialyzed and lyophilized. After lyophilization, all
exchangeable H-atoms in tRNA were replaced with D-atoms in 10 mM
deuteratedNa-cacodylate and 10mMMgCl2, and the sample was lyophilized
again. The lyophilized deuterium-exchanged tRNA was hydrated underdoi: 10.1016/j.bpj.2009.12.4284
FIGURE 1 Quasielastic neutron scattering spectra of tRNA hydrated with
D2O to different levels of hydration hmeasured with HFBS at T¼ 300 K (a)
and T ¼ 250 K (b). The spectrum measured at T ¼ 10 K presents the reso-
lution function of HFBS. The spectra present a sum over all Q-values. Some
of the data are from an earlier publication (15).
1322 Khodadadi et al.isopiestic conditions at 100% relative humidity in a dessicator with 99.9%
D2O. Different incubation times provided varying hydration levels (h¼ 0.35,
0.50, and 0.65 g water per gram of tRNA, determined by thermogravimetric
analysis). For a more detailed description of the sample preparation, see
Roh et al. (15). Similar samples (deuterium-exchanged tRNA hydrated with
D2O to the level h~0.6–0.65) were used for the dielectric measurements.
Neutron scattering measurements were performed using the high-flux
back-scattering spectrometer (HFBS) at the NIST Center for Neutron
Research in the energy range of 517 meV (54 GHz) with a resolution of
~0.8 meV (~0.24 GHz), and the backscattering silicon spectrometer (BASIS)
at the Oak Ridge National Laboratory Spallation Neutron Source in the
energy range of 5250 meV (560 GHz) with a resolution of ~10 meV
(~2.4 GHz). Three samples with different hydration levels were measured
on the HFBS at T¼ 300 K, 250 K, 225 K, 200 K and 10 K. Only the sample
with h ¼ 0.65 was measured on the BASIS at T ¼ 300 K, 275K, 250 K,
225K, 200 K, and 10 K. The combination of these two spectrometers
allowed us to cover spectra over a broad frequency range (from ~0.24 GHz
up to ~60 GHz). The accessible range of the scattering wave vector, Q, for
both spectrometers was ~0.25 A˚1 < Q < 1.75 A˚1. The spectra were
corrected for background and detector efficiency. Because the sample trans-
mission was higher than ~90%, no multiple-scattering corrections were
applied.
Dielectric spectra in the frequency range between 102 Hz and 107Hzwere
measured using the Concept 80 system from Novocontrol (Alpha-analyzer).
Samples were placed between two gold-coated, parallel-plate electrodes
with aTeflon spacer. Tominimize the evaporation ofwater, an externalTeflon
ring was used to seal the samples. A capacitor with the sample was placed in
a cryostat. The temperature was stabilized using a nitrogen gas flow and a
Novocontrol Quatro temperature controller. Measurements were done every
5 K in the temperature range of 153–253 K. Measurements were repeated at
a few temperatures to verify reproducibility, and no significant differences
were observed. The samples were weighed before and after the measure-
ments, and no significant water loss was observed.FIGURE 2 Quasielastic neutron scattering spectra of tRNA hydrated with
D2O to h~0.65, measured at different temperatures with BASIS. The spec-
trum measured at T ¼ 10 K presents the resolution function. The spectra
present a sum over all Q-values.RESULTS
Analysis of the neutron scattering spectra measured at
different Q-values did not reveal any significant Q-depen-
dence in the width of the quasielastic scattering, consistent
with our earlier data (15). To improve the statistics, we
summed the spectra measured at different Q-values. Fig. 1
presents the summed spectra for tRNA at different levels
of hydration measured with HFBS at two different tempera-
tures. The quasielastic intensity decreased strongly at lower
temperatures and hydration levels. Fig. 2 shows the spectra
of tRNA with h ¼ 0.65 measured using the BASIS. The
data show that the quasielastic scattering of tRNA is barely
measurable at T ¼ 225 K. This is in strong contrast to the
neutron scattering spectra of proteins, which exhibit signifi-
cant quasielastic scattering even at T ¼ 200 K (16). This
difference between proteins and tRNA was previously
emphasized (17) and ascribed to the strong contribution
of methyl-group dynamics to the neutron scattering spectra
of proteins (16–18). In contrast to proteins, where methyl
H-atoms contribute ~25% of the incoherent neutron scat-
tering, tRNA has only very small numbers of methyl groups,
which contribute to ~3% of the scattering (15).
Analyzing the scattering data presented as susceptibility
(instead of the dynamic structure factor) provides many
advantages (for details, see Roh et al. (16)), such as the possi-Biophysical Journal 98(7) 1321–1326bility of directly comparing the scattering data with the
dielectric loss spectra 300(n). The neutron scattering data are
presented as susceptibility spectra in Fig. 3, c00(Q,n) f
S(Q,n)/nB(n) z S(Q,n)hn/kT. Here nB(n) ¼ [exp(hn/kT) 
1]1 is the Bose temperature factor, which in the classical
limit (in our case, hn<< kT) is simply hn/kT. The combined
HFBS and BASIS neutron scattering susceptibility spectrum
of completely hydrated tRNA (h¼ 0.65) at T¼ 300 K shows
a broad symmetrically stretched peak with a maximum at
a frequency of nmax~5–6 GHz (Fig. 3). The peak frequency
provides a direct estimate of the characteristic relaxation
time t ¼ (2pnmax)1. The peak shifts to lower frequency
FIGURE 3 Neutron scattering susceptibility spectra of tRNA hydrated to
h~0.65 at different temperatures (shown by numbers). The spectra are
combined by matching HFBS spectra at lower frequencies to the BASIS
data. Symbols are experimental data, and dashed lines are fits to Eq. 1.
FIGURE 4 Temperature dependence of characteristic relaxation times
estimated from the neutron scattering spectra of hydrated tRNA (h~0.65),
lysozyme (h~0.4 (21)), and DNA (h~0.65 (20)).
FIGURE 5 Dielectric spectra of hydrated tRNA at different temperatures:
(a) real part 30(n) and (b) imaginary part 300(n). Symbols are experimental
data, and lines show fits of the spectra at T ¼ 213 K to Eq. 2. Solid line:
fit of the total spectrum; dashed line: faster process; dotted line: slower
process; dashed-dotted line: tail that includes slower processes, conductivity,
contact polarization, and 3N.
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of the tRNA dynamics with cooling. The peak disappears
from the accessible energy window at T ¼ 250 K. This is
in contrast to the lysozyme dynamics, where the peak in
c00(n) remains well resolved at T ¼ 250 K (19). This clearly
indicates that the dynamics of hydrated tRNA at T ¼ 250 K
is significantly slower than the dynamics of hydrated
lysozyme.
For a quantitative analysis, we fit the susceptibility spec-
trum at T¼ 300 K using the Cole-Cole distribution function:
c00ðuÞ ¼ c0
ðutÞ1acosap
2
1 þ 2ðutÞ1asinap
2
þ ðutÞ22a (1)
Here u¼ 2pn is the angular frequency and a is the stretching
parameter. The fit gives a ¼ 0.55 0.05 and t ¼ 265 6 ps
for the spectrum at T ¼ 300 K. The maximum in the suscep-
tibility spectra is not observed at other temperatures for
which we have data. To fit the data, we assume that the
amplitude of the relaxation spectrum c0 does not change
with temperature (which is typical behavior for a relaxation
process). The relaxation time at each temperature was esti-
mated by fitting the spectra to Eq. 1 (Fig. 3). The fit at
T ¼ 250 K gives the stretching exponent as a~0.45 5
0.05, which is slightly lower than at T ¼ 300 K. Fixing
the exponent to a ¼ 0.5, however, does not significantly
affect the estimated t.
The estimated characteristic relaxation times of tRNA as
a function of temperature are presented in Fig. 4. Throughout
this work, error bars represent the standard deviation. Large
error bars at temperatures of 250 K and 225 K are caused by
the scattering in the data in the spectra and the shift of the
relaxation peak out of the accessible energy window.
Fig. 4 also presents relaxation times estimated previously
from neutron scattering studies of hydrated lysozyme (19)
and hydrated DNA (20). The comparison clearly demon-
strates that hydrated protein has the fastest dynamics with
the weakest temperature variation, and hydrated DNA hasthe slowest dynamics. The relaxation times of hydrated
tRNA are between those of hydrated lysozyme and hydrated
DNA.
The dielectric relaxation spectra of hydrated tRNA
(Fig. 5) exhibit two clear processes: one with a strong ampli-
tude at lower frequencies and one with a smaller amplitude
at higher frequencies. Using WinFIT software provided
by Novocontrol, we fit the spectra with two Havriliak-
Negami distribution functions and a tail describing conduc-
tivity, contact polarization, and a possible slower relaxation
process:
3 ¼ 3N þ
X
j
D3j
1 þ iutj
ab  i
A
us
; j ¼ 1; 2 (2)
Here A is the tail amplitude, s is the exponent describing
the tail slope (which is different for the real and imaginary
parts), t is the characteristic relaxation time, D3 is the dielec-
tric strength, and a and b are the stretching parameters.Biophysical Journal 98(7) 1321–1326
1324 Khodadadi et al.Details of the fit procedure can be found in our previous
publication on dielectric studies of hydrated lysozyme (21).
The fits yield the stretching parameters for the faster process
as a ¼ 0.46 5 0.1, b ¼ 0.99 5 0.1, and the stretching
parameters for the slower process as a ¼ 0.94 5 0.06,
b ¼ 0.99 5 0.01. The spectral shapes of both processes
appear to be symmetric (i.e., they are well approximated
by the Cole-Cole distribution function). The fast process is
strongly stretched, whereas the slower process has an almost
Debye-like shape (a~1) The characteristic relaxation times
were estimated from the maximum in the fits of the loss
spectra t ¼ (2pnmax)1.
Fig. 6 presents the estimated dielectric relaxation times of
the hydrated tRNA. The faster process is relatively broad and
has low amplitude (Fig. 5). As a result, the fit of the spectra
for this process provides estimates of t with large error bars.
We repeated the dielectric measurements on three tRNA
samples hydrated to the same hydration level (h~0.6–0.65).
Fig. 6 presents the data averaged over those three measure-
ments, as well as the dielectric relaxation data for hydrated
lysozyme and myoglobin (21,22). Consistent with the
neutron scattering data (Fig. 4), the dielectric relaxation is
faster and less temperature-dependent in hydrated proteins
than in hydrated tRNA (Fig. 6).DISCUSSION
The characteristic relaxation time in hydrated tRNA shows
non-Arrhenius temperature dependence (Fig. 6), a well-
known behavior for relaxation in various glass-forming
systems and polymers. We start the discussion from the anal-
ysis of the neutron scattering data (Fig. 4). Due to the
extremely high incoherent neutron scattering cross-section
of the hydrogen atoms, the neutron scattering spectra of bio-
logical macromolecules hydrated with D2O reflect the
motions of the macromolecules. The incoherent neutron
scattering cross-section of nonexchangeable H-atoms ofFIGURE 6 Temperature dependence of the characteristic relaxation time
in hydrated tRNA: (-) slow dielectric relaxation process, () fast dielectric
relaxation process, and (B) neutron scattering. For comparison, dielectric
relaxation (:) and neutron scattering (6) data for lysozyme (21) and
dielectric relaxation data (stars) for myoglobin (22) are presented.
Biophysical Journal 98(7) 1321–1326tRNA hydrated at 0.65 h contributes ~70% of the total
(coherent and incoherent) neutron scattering cross-section
from all nuclei, including D2O. The total coherent and inco-
herent neutron scattering from D2O in this sample contrib-
utes only ~20% of the total neutron scattering. Therefore,
the observed relaxation process can be clearly assigned to
motions of tRNA.
The experimental data suggest that relaxation in hydrated
tRNA around ambient temperature occurs only slightly more
slowly than in hydrated lysozyme (Fig. 4). As the tempera-
ture is lowered, however, the tRNA dynamics slow down
more than the lysozyme dynamics, such that the difference
in their relaxation times is >10-fold at T ¼ 225 K (Fig. 4).
On the other hand, although the relaxation time is slower
in DNA than in tRNA at room temperature, it seems to
exhibit similar temperature variations.
The interpretation of dielectric relaxation spectra is not
straightforward and remains a subject of discussion (21–25).
The faster process is traditionally ascribed to the dynamics
of hydration water (22–25), whereas the slower process is
ascribed either to tightly bound hydration water (23) or to
the motion of biological macromolecules (21,22,25). Since
a discussion of the slow dielectric process is beyond the scope
of this article, we will focus on an analysis and interpretation
of the faster process.
The relaxation times of the fast dielectric relaxation
process in tRNA agree with t estimated from the neutron
scattering spectra in the narrow temperature range where
the data overlap (Fig. 6). Also, the stretching parameters of
the relaxation processes observed in dielectric spectra and
in neutron scattering spectra are similar. These similarities
suggest that both techniques measure the same relaxation
process. On the basis of this result, we ascribe it to a coupled
hydration water-tRNA relaxation process, in similarity to an
earlier analysis of neutron and dielectric relaxation spectra of
hydrated lysozyme (21) (Fig. 6).
The dielectric relaxation time and temperature dependence
are similar in hydrated samples of lysozyme (21) and
myoglobin (22) (Fig. 6). These are small globular proteins
with a slight difference in secondary structure (five a-helices
and three b-sheets in lysozyme, and eight a-helices in
myoglobin). However, the relaxation behavior of hydrated
tRNA differs significantly from that observed in proteins
(Fig. 6). This difference cannot be ascribed to the difference
in hydration level. Both biomolecules are hydrated to the
level that corresponds to complete hydration (h~0.65 for
tRNA and h~0.4 for lysozyme). The difference in h corre-
sponds to the different solvent-accessible surface area of
these biomolecules (for details, see Roh et al. (15)). Dehy-
dration of tRNA leads to narrowing of the quasielastic scat-
tering spectrum (Fig. 1) (15). Thus, the relaxation time of
tRNA at h~0.4 is even slower than at h~0.65. Thus, the
difference in the observed relaxation times and temperature
dependence (Figs. 4 and 6) is caused by chemical and struc-
tural differences among the proteins, tRNA, and DNA. This
Dynamics of Biological Macromolecules 1325conclusion contradicts the traditional view that the dynamics
of biological macromolecules is slaved by the dynamics of
the solvent. According to the concept of slaved dynamics,
all three biomolecules should have had similar temperature
dependence as dictated by the dynamics of the hydration
water. This is clearly not the case.
Instead, we propose that the specific biomolecular struc-
ture plays an important role in the overall dynamics, even
when different biomolecules exposed to the same solvent
(water) are compared. The observed dynamics of the system
come from the mutual coupling of the motions in the biomol-
ecule and the solvent. An important test of this idea is to
determine whether the dynamics of hydration water is also
affected by the biomolecules. The most efficient way to
study the dynamics of hydration water is to use completely
deuterated proteins. Such studies have been initiated and
the results demonstrated a similarity between the dynamics
of hydration water and that of proteins (26–28). Unfortu-
nately, no such studies have been done for lysozyme,
tRNA, or DNA. However, Chen and co-workers have
extensively studied the dynamics of hydration water sur-
rounding different biomolecules (29–31). To separate the
contribution of hydration water, they acquired neutron scat-
tering spectra of biomolecules hydrated in H2O and in D2O.
Their measurements were performed at lower hydration
levels (h~0.3 for lysozyme and h~0.5 for RNA and DNA
(29–31)), which precludes a direct comparison of their
results with our data. Nonetheless, the results of Chen and
co-workers show that lysozyme hydration water has the fast-
est dynamics, DNA has the slowest, and tRNA is in between
(Fig. 7). This conclusion agrees well with our results (Fig. 5),
implying that the relaxation behavior of the hydration water
is affected by the biomolecules.
The observed difference in the relaxation behavior can
be explained by the difference in structure of the studied
biomolecules. Lysozyme and myoglobin are globular pro-
teins with a hydrophobic core that is isolated from the
hydration water. Moreover, these proteins have a significantFIGURE 7 Characteristic relaxation times of hydration water estimated
using neutron scattering spectroscopy. Data for hydration water of lysozyme
at h ¼ 0.3 (26), DNA at h ¼ 0.5 (28), and tRNA at h ¼ 0.5 (27) are shown.number of methyl groups that plasticize the internal protein
motions even in the dehydrated state (15,18,32,33). This
might explain the faster dynamics of the hydrated proteins
(Fig. 6) and weaker dependence of protein dynamics on
hydration reported previously (15). On the other hand,
tRNA and DNA lack a hydrophobic core. Water molecules
enter the grooves of double helices and affect the dynamics
of nucleic acids much more strongly than they affect that of
globular proteins. DNA and tRNA also have small numbers
of methyl groups. Therefore, the many internal methyl
groups in proteins and less exposure of protein residues
to the solvent lead to weaker temperature variation in
the protein dynamics compared to the tRNA dynamics
(Fig. 6). DNA has a rod-like structure that is more rigid
than the structure of folded tRNA. This explains why the
dynamics of DNA and its hydration water appears even
slower than that of tRNA. It is also possible that ions associ-
ated with nucleic acids may have additional effects on
hydration water dynamics. This question can be studied by
analyzing water with different ions without biomolecules.
We want to add a brief comment related to the relaxation
of hydration water at temperatures below T~225 K. Neither
the tRNA data presented here nor the earlier lysozyme and
myoglobin data (Fig. 6) show the cusp-like behavior of t
around T~225 K reported by Chen and co-workers for
hydration water (29–31). Therefore, our results do not
support the existence of the cusp-like, fragile-to-strong
crossover proposed by them (29–31). This topic is beyond
the scope of this work, but the interested reader can find
more detailed discussions about it in earlier publications
(19,34–36).CONCLUSIONS
Analyses of neutron scattering and dielectric relaxation
spectra identified a relaxation process that we ascribe to
a coupled tRNA-hydration water relaxation. This process
exhibits non-Arrhenius temperature dependence. A compar-
ison of the results for hydrated tRNA with earlier data
for hydrated lysozyme and DNA demonstrates significant
differences in the dynamic behavior of these biomolecules.
Moreover, the dynamics of hydration water also exhibits
significant differences. Relaxation of globular proteins and
their hydration water is faster and varies much more slowly
with temperature compared to the dynamics of tRNA and
its hydration water. The dynamics of DNA and its hydration
water appears to be even slower than the tRNA dynamics.
This indicates that the dynamics of the biomolecules is not
simply slaved by the dynamics of the hydration water. The
chemical and three-dimensional structures of the biomole-
cules play an important role. Moreover, the biomolecule
affects the dynamics of the hydration water. Therefore, the
concept of slaving dynamics should be reconsidered and a
more complete model of coupled biomolecule-water
dynamics should be developed.Biophysical Journal 98(7) 1321–1326
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